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[57] ABSTRACT

A high speed arithmetic processor includes an array of
arithmetic cells which operate on digits internally rep-
resented in a signed-digit binary format. Certain of these
cells perform subtraction operations on two ordinary
binary digits, and produce the difference in a 2-bit
signed-digit binary format, without requiring a separate
ordinary binary to signed-digit binary converter.
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SIGNED-DIGIT ARITHMETIC PROCESSING
UNITS WITH BINARY OPERANDS

This is a continuation of application Ser. No. 136,365,
filed Dec. 22, 1987, now U.S. Pat. No. 4,935,842, which

is a continuation-in-part of application Ser. No. 066, 817,
filed June 25, 1987, now U.S. Pat. No. 4,873,660; appli-
cation Ser. No. 070,565, filed July 7, 1987, now U.S.
Pat. No. 4,878,192; application Ser. No. 074,892, filed
July 17, 1987, now U.S. Pat. No. 4,866,655; application
~Ser. No. 074,971, filed July 17, 1987, nowUS Pat. No.

~ 4,864,528; application Ser. No. 086,967, filed Aug. 18,

1987, now U.S. Pat. No. 4, 866,657; and application Ser.
~ No. 095,525, filed Sept. 10, 1987, now U.S. Pat. No.

. 4,868,777. The disclosures of each of the above applica-

tions and patents are incorporated herein by reference.

BACKGROUND OF THE INVENTION

This invention relates to a high speed arithmetic pro-
- cessing circuit, particularly to a high speed arithmetic
processor with internal adders or subtracters which is
capable of high speed arithmetic processing and which
can be implemented using LSI technology.

An example of a conventional high speed divider is
found in Takagi et al., “A VLSI Oriented High Speed
Divider Using Redundant Binary Representation,”
Trans. Inst. of Electronics and Comm. Engi. Japan,

Vol. J67-D, No. 4, pp. 450-457, where a divider is based
on a shift subtract divide method wherein each digit is
represented by a digit set [—1, 0, 1] which is the redun-
dant binary representation and which is realized by

using combinational circuitry which includes four input

NOR/OR gates implemented by Emitter-Coupled-
Logic (ECL).

This prior art divider is superior to other types of
conventional dividers in terms of operating speed and
‘regularity of element layout. However, little consider-
ation was given to reducing the number of transistor
elements and the reducing the area on a semiconductor
chip reqmred to realize the divider, and to the possibil-
ity of using different types of circuit elements, such as

CMOS.
Conventional dividers realized by sequential circuitry

which consists of a subtracter (or adder) and a shifter

“are also well known. However, it 1s also well known
- that this type of divider inevitably requires relatively
long computation time as the number of digits increases.
While a high capacity computer with a high speed mul-
tlpher which employs a multiplicative division method
is known, such prior art devices also require large
amounts of hardware to realize the combinational cir-
cuitry, making this approach impractical.

SUMMARY OF INVENTION
In accordance with this invention, a new high speed

2

and the divisor or the multiplicand is added or sub-

tracted from the partial remainder or the partial prod-
‘uct, and the output of the stage preceding the coeffici-

ent determination stage and the signal which represents
the least significant digit of the divisor or the multipli-
cand are applied to the input to a second digit from the

- least significant digit determination circuit.

- Each stage of the partial arithmetic unit produces a

1o partial product or a partial remainder for the multiply-

ing or the dividing process, respectively, by adding to
or subtracting from the output of the preceding stage of

~ the partial arithmetic unit the product of the coefficient
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arithmetic processor includes a plural stage partial -

arithmetic adder or subtracter unit which utilize rela-
‘tively simple circuit construction, making the processor
particularly suitable for VLSI implementation. Specifi-
~ cally, the processor of this invention uses a shift sub-
tract/add divide system which includes a quotient de-
termination circuit which determines the quotient from
‘the partial remainder of the division, or a coefficient
determination circuit which determines the coefficient
for the partial arithmetic operation which is the multi-
plier recoder circuit in multiplication. In a plural stage
partial arithmetic unit, the product of the coefficient

65

~and the multiplicand in the multiplying process or the

divisor in the dividing process wherein the multiplicand
or divisor is designated as a fixed number.

‘The arithmetic processor also includes circuitry
wherein the output of the preceding stage of the partial

arithmetic unit of the coefficient determination circuits

and the signal which represents the lowest digit of the
fixed number are added for obtaining the second digit
from the least significant digit, thereby eliminating the
necessity for obtaining the least significant digit in each
stage of the partial arithmetic unit which simplifies and
reduces the circuitry required.

The invention also includes an arithmetic processor
which utilizes a signed digit expression for internal
arithmetic operations, where each digit 1s expressed by
either 1, 0, or — 1. The processor uses a signal process-
ing circuit including a parity circuit, or exclusive logical
sum circuit or its negation circuit, for processing a sig-
nal representing the negation of either the logical prod-
uct or logical sum of a signal A, which represents each
digit of a binary number, and a signal B, which repre-
sents each corresponding digit of another binary num-
ber to the signal A, to obtain each of the digits for the
signed digit expression from the said two binary num-

‘bers. Specifically, a NAND or NOR circuit and an

exclusive NOR or exclusive OR circuit are provided for
each digit of two binary numbers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram showing the divider system
embodying the partial remainder determination circuit
of the present invention;

FIG. 2 shows a circuit for a redundant addition and
subtraction cell for the intermediate digit determination
in the partial remainder determination circuit shown by
FIG. 1;

FIG. 3 is a circuit diagram of the transfer-gate of the
addition and subtraction cell shown in FIG. 2;

FIG. 4; is a circuit diagram showing one of the cells
for determining the second digit from the least signifi-
cant digit in the partial remainder determination circuit;

FIG. 5 is a circuit diagram of a cell which generates
the intermediate digit carry signal in the partial remain-
der determination circuit;

FIG. 6 is a circuit diagram of a cell for determining
the most significant digit in the partial remainder deter-
mination circuit;

FIG. 7 is a circuit diagram of a cell for generating
each digit in the initial stage of the partial remainder
determination circuit; and

FIG. 8 is a circuit diagram of a quotient determina-
tion circuit.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

In the prior art referred to above, the shift subtract
division system for a high speed divider or multiplier
was proposed using ECL logic which has NOR and OR
functions performed simultaneously. However, little
consideration was given to the reduction of the number
- of transistor elements and the possibility of circuit con-

struction using MOS technology. Accordingly, a very
- large number of gates were required, particularly as the
number of arithmetic digits increase. This property of
the prior art system practically eliminates the possibility
of implementating that system on a VLSI chip together

with dividers, multipliers, and ALU.
- By using partial arithmetic processing in accordance
with the present invention, arithmetic processing for
the least significant digit in each partial process can be
carried out by one stage while arithmetic processing for
“the second digit from the least significant digit can be
carried out Simultaneously by the partial arithmetic
processing circuitry in the succeeding stage. By using
this improved system, the arithmetic processing circuits
for the least significant digit in each partial arithmetic
processing circuit (and the corresponding substantial
amount of circuitry) can be eliminated. Furthermore, by
use of a signed digit expression digit generator in accor-
dance with the invention, the arithmetic processing of
two binary numbers, for instance, a subtraction and its
redundant binary conversion, can be carried out simul-
taneously, resulting in higher speed arithmetic process-
ing, together with the benefits of the reduction in cir-
cuitry. |

FIG. 1 is a block diagram showing one embodiment
of this invention and illustrates a divider 10 embodying
a partial remainder determination circuit. By way of
example, the division of an unsigned n digit, radix r
fraction is illustrated for the case where n=8, r=2. The
dividend [O.X1X3. .. Xx]2, 20, is converted into signals
X121, X322, ... X,,28, which are a first group of inputs
to divider 10 (wherein the signal Xn corresponds to the

nth digit from the radix point). The divisors [0.Y Y. .
. Yn]2, 40, are converted into the signal Y41, Y42, . ..
Y, 48, which are a second group of inputs to divider 10
(wherein the signal Y, corresponds to the nth digit from
the radix point, and is the logical negation signal of Yn).
The quotient [ZpZ; . . . Z,)2, 50, is the output of divider
10 and is a one digit integer, Zg, and n digits fraction,
Z1,...Zy which are represented by signals Zo60, Z161,
... Zn,68. Signal 21 is always “1”, i.e., X1=1, and signal
41 is always “0”, i.e., Y1=0, as shown in FIG. 1. Signals
21 and 41 are input to a block which is not shown in
FIG. 1since the block always produces the fixed output
- signal “0”. Signal 41 is also input to blocks 111, 121, 131,
141, 151, 161, 171. However, since signal 41 i1s always
“0”, and the fixed signal “0” can easily be obtained by
connecting the signal line to ground, the connection of
signal 41 to these blocks has been omitted.

Divider 10 includes subtraction circuits 102, 103 . . .
108 (illustrated with an upwardly facing arrow in each
block) which determine one digit of the radix 2 signed
digit (hereinafter called the redundant binary number)
by subtraction of a binary number, X;, and a binary
number Y; Subtraction circuits 102 . . . 108, respec-
“tively, subtract the divisor [0.Y1Ys. .. Y,); from the
dividend [0.X1X3. .. Xn]; to determine an initial partial
remainder.

10

4

Divider 10 also includes partial remainder determina-
tion circuits, including circuits for determining the most
significant digit, represented by blocks 120, 130 . . . 170
(having an internal downwardly directed arrow) re-
dundant binary addition and subtraction circuits for
determining the intermediate digits, represented by
blocks 111-117, 121-126, . . . 171, 172 (having no inter-
nal symbol), circuits for determining the second digit
from the least significant digit, represented by blocks
127, 137, 147 and 157 (having an internal circle} and
redundant binary addition and subtraction circuits for
generating the intermediate carry signal, represented by

~ blocks 163, 173 (having an internal diamond). Divider

15

20

25

30

35

45

50

55

60

65

10 also includes quotient determination circuits, repre-
sented by blocks 81-88 (having an internal square).

- The partial remainder after the determination of the
j-th digit from the radix point of the quotient, AVU+1), is
determined from a partial remainder AY) derived from
each partial remainder determination circuit, and sig-
nals Yi,41, Y242, . .., Y, 48, which represent the
logical negation of each digit of the divisor, and the 2 bit
signal 71, 72, . . . 77, which are the outputs of the quo-
tient determination circuits 81-87 of this stage.

Redundant binary/binary converter 90 executes the
following equation:

L
—

O~ ( N (—ﬂ:‘)'zfi)

where a;e (—1, 0, 1) and each digit Q+ and Q—¢ (0, 1).
That is, the quotient of redundant binary representation,
Q, can be changed to a binary number by subtracting
two binary numbers Q+ and Q—. Redundant binary
converter 90 can be easily realized by using a conven-
tional ripple-carry addition circuitry or carry-look-
ahead addition circuitry.

The overall method for arithmetic processing using
partial remainder determination implemented in accor-
dance with this invention will now be more fully de-
scribed.

When the j th digit, q;, from the radix point of a quo-
tient is determined, the partial remainder, R(), after the
determination of q;is expressed by the foliowing recur-
rence formula:

2
a;j=

RU+D=2x RD—g;x ¥
where Y is a divisor, or Y=[0.Y1Y3... Y;]2 AV, which
is equal to the partial remainder RV), except for the sign,
is defined by the following formula:

AU+ D =502 x RO+ DU (1
where PU) is a function which reverses the sign accord-
ing to the value of q;, and DW=|q;| x Y where |q;]| is
the absolute value of q;. AV)is also referred to herein as
the partial remainder.

The method for determining the j-th digit, qJ, from
the radix point of the quotient and the partial remainder
AG+1D), in the case where the partial remainder AV
=[a/.ayay ... a,/]SD;and the j—1 th digit, g;—1, from
the radix point of the quotient, which have already been
determined, will now be explained. The j th digtt, qj,
from the radix of the quotient is determined from the
first three digits of the partial remainder A(), that is, [a/,
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S
ay a/]SD», and the j—1 th digit, gj—1, from the radix
point of the quotient in the j th stage quotient determi-
nation circuit, 81, . .
the first three digits of the partial remainder, i.e., posi-
tive, 0, or negative, the jth digit, gj, from the radix of the
quotient is defined as gj=sign (—qj—1), q;=0, or

qi=—sign (—qj—1), respectively. However, sign
(—q;—1) is defined as follows:
1 (for gj—1 < 0)
sign (—g;—) = 1 (forgj_1 =0)
—1 (for gj—1 > 0)

Each digit X;in [XoX ..
0, 1}, and [Xo0.X1 . .
expression:

. Xnlsp2is expressed by [—1,
. Xxlsp2 is equal to the following

Eth‘
Iﬁ!

The partial remainder AU+ is determined by carrying
out processing of the following using the j th circuit in
each partial remainder determination circuit, providing
that in equation (1) above: |

AU+ D= PO 2 x PU— D4V, + DV

the first term is conditioned as follows: .
(i) when sign (—q;—1)Xsign (—q;)=1,

P2 x PU— I)))=[ada1j.ﬂ2j. .. a/O0sm

(ii) and when sign (—q;—1) Xsign (—qj)= —

PO x Pi~D(AM)=[agavia . . . adOlspr

and the second term is conditioned as follows:

and the second term 1s

(i) when g0, DO =[0.y1y2. .. yn]sp2

(i) when q;=0, DW=0.00. .. 0]sp2

and each digit is the non-negation of a redundant binary
number. However, since a/ is equivalent to —a/, the
partial remainder determination circuit can be realized
by redundant binary addition and subtraction circuits
for a redundant binary number and a binary number (or
all of the digits are the non-negation redundant binary
number). In this case, each control signal 71, . . ., 77 for
the partial remainder determination circuits 1s deter-
mined by the magnitude of ¢; which corresponds to
each quotient and by the sign of —qjand —qj—1.

In order to perform carry-propagation-free addition
of a redundant binary number and a binary number in
the partial remainder determination circuits, the inter-
mediate sum digit has to be determined according to the
rules shown by Table 1, below, and the intermediate
carry has to be determined according to the rules shown
by Table 2, below. This means that addition where no
carry propagation takes place can be realized by adding
the intermediate sum digit determined according to
Table 1 and the intermediate carry from the lower digit
according to Table 2. The addition of a redundant bi-
nary number and the binary number always follows this
rule of addition.

. 88. In accordance with the sign of
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6

TABLE 1
Intermediate Sum Digit

augend (redundant binary number)
—1 0 1

addend 0 —1 —1
(binary) 1 0 — 1 0
TABLE 2
Intermediate Carry |
augend (redundant binary number)
| —1 | 0 1
addend 0 0 0 !
(binary) | S 0 1 1

A redundant binary number is converted into a bi-
nary signal by the following process. One digit of the
partial remainder a/, and one digit of the quotient, qj, 1s
expressed the binary signals a;y/, a;J, and qj+, qj—,
respectively wherein —1, 0 and 1 are expressed by 11,
10, and 01, respectively, and i=0, 1,...n, and j=1, ..
. 1.

The magnitude and the sign of the j th digit, q;, from
the radix point can be expressed by qj— and q;4. The
SIgnal tj, provides the difference in the sign between the

_] th digit, q;, from the radix point and the j—1 th digit,

—1. This means that t;j=0 if a sign difference exists
(1 ., if sign (—gqj)Xsign (—qj—1)=-1), and tj=1, if
there is no sign difference (i.e., if sign (—q;)Xsign
(—qj—1)=1). Therefore, t; can be determined by the
following expression:

ti=ag 4 J(ag I+ a1 N(ag +a1 I+ a2 )
a0/ +a1J+ay_J+gi—14)

and q;— and q;+ can be expressed as follows:
Qj_ =ﬂﬂ_j+ﬂ|_j+a2_j

+=(a0/+(apS+a1 4 +(ag S+ a1/
+az +)D(gj—-1+¢gj-)

where - is the logical product (AND), + 1s (OR), and &
is the exclusive OR (Ex-OR) operators, and a; _Jay . and
qj— means-+az_J+4az 4/ and the logical negation of q;_,
respectively. Furthermore, in the addition and the sub-
traction of the digit a; . ¢ of the partial remainder pro-
duced by the previous stage partial remainder determi-
nation circuit and the digit d/ of the addend (i.e.,
|q;] Xy, the intermediate sum digit S/ (representing
negative value) and the intermediate carry C/, can be
expressed by the following logical equations as follows:

S di

d:" .}’: qj— Sf—ﬂ’ ] — :
+d:"'a£'+]_

l”—"( +1+${;)

The digit aj+! of the partial remainder in this addition
or subtraction process can be expressed by the follow-
ing equations, respectively:

aj4J* =5/ 4cip?
, af—j-!- l =5:"$C1'+ lJ

wherei=1,...n—2,j=1,...n—1 and S/=1, or §y=0

if the intermediate sum digit is —1 or 0, respectively.
FIG. 2 shows one embodiment of a circuit for realiz-

ing the redundant addition and subtraction cells 111, . .
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117,121, ..., 126, 131, ... 136, 141 . . . 146, 151 . . .

156, 161, 162, 164, 165, 171, 172 for each intermediate
digit in the partial remainder determination circuit
'shown in FIG. 1. In FIG. 2, gates 611 and 625 are exclu-
sive OR circuits, gate 612 is an inverter circuit, gate 613

is a two-input NOR circuit, gate 631 is the two-input
NAND circuit, and gate 632 is an exclusive NOR cir-

- cuit. P-channel transistor 621, n-channel transistor 622,
p-channel transistor 623 and n-channel transistor 624
constitute a transfer-gate.

aj414J, 601 and a;11_J, 602, are the two-bit signals
each representing the i+ 1 th digit, a; ¢, from the radix

point of the partial remainder before the jth digit g; of
- the quotient is determined. The logical negation, Y,
603, of the i th digit, Y;, from the radix point of the
divisor is one of the signals, 42, . . . 47, of FIG. 1. q;_,
604, and t;, 605, constitute the two-blt control 51gnals

10

13

71,...77. The product, |q;| XY, that is, of the magni- -

tude q, of the quotient and the divisor, Y, appears on
line 614 and corresponds to the addend in the redundant
addition process. The signals on lines 615 and 602 pro-
vide information for compilation of the augend in the
redundant addition process. |

Signal S/ appears on line 626 and represents the logi-
cal negation of the intermediate sum digit S/. The sig-
nal, C/, appears on line 627, represents the intermediate
~‘carry, and is a one-bit signal. The signal C;; ¢, which
appears on line 628, is a one-bit signal which represents
the intermediate carry from the (i-+ 1) th digit from the
radix point, i.e. from the lower digit. The outputs
a;+/*1, on line 633, and a;_.f‘*'l on line 634, are two-bit
signals which represent the i th digit from the radix
point of the partial remainder after the dlglt q; of the
quotient has been determined.

The product |q;| X Y; which is the addend appearing
on line 614 is determined by NOR circuit, 613. The sign
inversion of the partial remainder, which is the augend,
is performed by the exclusive OR circuit, 611, and the
transfer-gates, 621 and 622. The intermediate sum digit
determination is carried out by the exclusive OR gate
625. The mtcrmedlatc carry determination is accom-
plished by inverter 612, transfer-gates 621 and 622, and
transfer-gates 623 and 624. The determination of the
partial remainder of the total sum is performed by the
NAND circuit 631 and the exclusive NOR circuit 632.

In the embodiment shown in FIG. 2, transfer-gates
621, 622, 623 and 624 are used. However, the same

function can be Performed by using other circuitry. For
example, FIG. 3 is an example where the circuit indi-
cated within dotted block 700 (FIG. 2) is constructed of
AND-NOR compound gates. Gate 701 is a four input
NAND-NOR compound gate, and gates 702, 703 and
612 are inverter circuits. It is also possible to replace the
inverter circuits 702 or 703 by exclusive NOR or exclu-
sive NAND circuits by combining each of them with
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the exclusive OR circuit 611 (FIG. 2) or the NOR .cir- |

cuit 613 (FIG. 2).

The methods by which the most significant digit, ag,
and the second digit from the least significant digit,
a,__ 1, are determined will now be explained. For the
determination of the most significant digit, a¢y, Yo al-
ways equals 0. When a; /0, the sign of the augend is
negative, or aj/@t;=1, the intermediate sum digit S¢/
and the intermediate carry Cy are expressed as follows:

S{}i=&'1_,..j. Cd:ﬂ

65

8

The most significant digit a,/ of the partial remainder is
determined by the following logical formulas:

ag S+ =8+ Cy, ap /T =SyBCY

Since a,+ Y~ ! always equals zero, a,/ can be set to either
1 or O.

an+j=an_j, an_jzyn.qj_l__, Cnl={]

By using these relationships, the second digit, Ay 1/,
from the least significant digit of the partial remainder
can be determined by the following logical formulas

(Gj=1...n—1):

d};:—l = Yn—i* gj—> Yot = ay d’.’u—-l

hoy=tGdy_ + iy d,,

FIG. 4 shows an embodiment of a circuit for realizing
the redundant addition and subtraction cells 127, 137,
147, 157 for determining the second digit from the least
significant digit in the partial remainder determination
circuit shown in FIG. 1. Gates 411 and 412 are two-
input NOR circuits, gate 431 is an inverter circuit, and
gate 445 is an exclusive NOR circuit. P-channel transis-
tor 441, n channel transistor 442, p-channel transistor
443 and n channel transistor 444 each constitute a trans-
fer-gate.

Signal Y,_1, 401, is the logical negation signal 47 of

the n—1 th digit from the radix point of the divisor
shown in FIG. 1, and signal Y, 402, is the logical nega-
tion signal 48 of the n th digit from the radix point.
Signal q;—1—, 403, is the logical negation of the signal
which represents the magnitude of the quotient, g;—1,
among the two-bit signals 71, . . ., 77 from the j—1 th
quotient determination circuit shown in FIG. 1. Signals
qj—, 404, and t;, 405, are the two-bit control signals 71,

, 771 from the j th quotlent determination circuit
shown in FIG. 1. Signal 421 1s the one-bit signal a,_J
from the two bit signals which represent the least signif-
icant digit a,/ of the partial remainder, and signal 422 1s
the signal d,—¢ which represents the product
|qj] X Yn—1 which becomes the addend. Signal Ch_V,
451, represents the intermediate carry from the n—1 th
digit from the radix point. The output a,_1_/*1, 452, is
a one-bit signal which represents the magnitude among
the two-bit signals which represents the n—1 th digit,
a,_¢T1, from the radix point of the partial remainder
after the quotient q; is determined. Since the value of
a,_¢+!is either —1 or 0 in accordance with the inter-
mediate sum digit addition rule shown in Table ],
a,_¢+1 always equals 1.

In FIG. 4, the determination of the product
|qi| X Yn—1 which becomes the addend, is performed
by the NOR circuit 412. The determination of the least
significant digit a,/ of the partial remainder before the
digit q; of the quotient is determined carried out by the
NOR circuit 412. The determination of the signal C,_ v
which represents the intermediate carry, is carried out
by transfer-gates 441, 442, 443 and 444, and the inverter
circuit 431. The determination of the signal S, ¢ which
represents the intermediate sum digit, that is, the n—1 th
digit ay_ ¢/*+! from the radix point of the partial remain-
der, is carried out by the exclusive NOR circuit 445.
Although transfer-gates are shown in this embodiment,
compound gates such as shown in FIG. 3 can also be
used.

P Bkt Ty N,
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FIG. 5 shows an embodiment of each redundant
addltlon and subtraction cell 163, 173 which generates
the intermediate carry. digit in the partial remainder
_determmatlon circuit shown in FIG. 1. The circuits of
FIG. 5 are the same as the portion of the circuit of FIG.
2 which relates to the intermediate carry determination.
Gates 511, 512, and 513 in FIG. 5 correspond to gates
611, 612, and 613 in FIG. 2, and gates 521, 522, 523 and
524 are identical in performances with 621, 622, 623,
and 624 of FIG. 2. Signals a; 14 ¥, 501, a;41-/, 502, Y;,
503, q,._., 504, t;, 505, d/, 514, and C/, 527, correspond fo
the signals 601, 602, 603, 604, 605, 614, and 627 in FIG.
2, respectively.

FIG. 6 shows an embodiment of a circuit for the
redundant addition and subtraction cells 120 .
" determining the most mgmﬁcant digit in the partial
~ remainder determination circuit shown in FIG. 1. Gate

1221 is a two-input NAND circuit and the gate 222 is an

exclusive NOR circuit. Signal 201 is the one-bit signal
"a;_J which represents the magnitude among the two-bit
signals which represent the first digit aj/ from the
radix point of the partial remainder before the digit g;of
the quotient is determined. Signal 202 is the one-bit
signal C/ which represents the intermediate carry from
~ the first digit from the radix point. The output signals
231 and 232 are the two-bit signals ap,/*+1 and ag_/+1
which represent the most significant digit (i.e the first

. 170 for

10

the two-bit signal which represents the j th digit from

~ the radix point of the quotient. The outputs q;_, 833,

5

and tj, 834, are the two-bit signals which appear on lines
71 . . . 77 and control each of the partial remainder
determmatlon circuits.

The determination of the j th digit, q;, from the radix
point of the quotient is performed by the inverter circuit
811, the NOR circuits 813, 814, 815, 822 and 823, and

“the exclusive NOR circuit 831. The determinations of

10

15

20

25

digit of the integer) of the partial remainder after the
digit g;j of the quotient is determined. Signal 203 repre-

sents the logical negation a;_J of the signal a;—J, 201.
~ The circuit of FIG. 6 determines the sign, ap+/*/,
and the magnitude (absolute value), ag_J/+1, of the re-
dundant bmary number by subtracting the blnary num-
ber, a;_J/, which represents the absolute value of the
first digit from the radix point of the partial remainder,
from the one bit binary number C/ which represents the
intermediate carry.

FIG. 7 is an example of the redundant subtraction
cells 102, . . ., 108, wherein the initial partial remainder
is determined by subtracting the divisor for each digit
from the dividend. FIG. 7 is functionally identical to the
circuit shown by FIG. 6. Gates 321 and 322 correspond
'to the NAND circuit 221 and the exclusive NOR circuit
222 in FIG. 6, and the signals 302, 303, 331 and 332
correspond to the signals 202, 203, 231 and 232, respec-
tively. Signal 302 in FIG. 7 represents the digit X;of the
dividend and signal 303 is the logical negation of the
digit Y; of the dividend. Signals 331 and 332 are the
two-bit signals a;,.! and a;_! which represent the digit
a;l of the initial partial remainder (or the redundant
binary number).
~ FIG. 8 is an embodiment of each quotient determina-
~ tion circuit, 81, . . ., 88. Gate 811 is an inverter circuit,
gates 813 and 823 are two-input NOR circuits, gates
814, 815 and 822 are three-input NOR circuits, gates 812
and 821 are the four-input NOR circuits, and gate 831 is
an exclusive NOR circuit. Signals ag/, 801, and ag,
802, are the two-bit signals which represent the most
significant digit of the partial remainder before the digit
- gj of the quotient is determined. Signal a;/, 803, and
aj_/, 804, are the two-bit signals which represent the
first digit ay/ from the radix point of that partial remain-
der, and ay./, 805 and a;./, 806 are the two-bit signals
which represent the second digit from the radix point of
the partial remainder. The input, q;— 1+, 807, 1s the one
bit among the two-bit signals 91, . . . , 98, which repre-
sents the quotient digit obtained by the quotient deter-
mination circuit. The outputs q;4., 832, and q;—, 833, are

30
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the control signals t;and qj— are performed by inverter
circuit 811 and NOR circuits 812, 813, 814, 821, and
815. In addition, the inverter circuit 811, and the NOR
circuits 813, 814, and 815 are utilized in the determina-
tion of each digit g, 91, . . ., 98 of the quotient and each
control signal tjand q;—, 71, . . . 77.

In the embodiment described above, the partial re-
mainder a/ and the quotient g; are assigned 1dentical
signs in their binary coding. However, different signs
can also be assigned. Further, only the process of add-
ing the redundant binary number and the binary number

has been specifically described. However, as a worker

skilled in this art would readily understand, the subtrac-
tion process is similar and need not be described in
detail.

When exclusive OR and NOR circuits, each consist-
ing of 6 transistors, are used, the redundant addition and
subtraction cell of FIG. 2 consists of 32 transistors and
three gate stages are required for the critical path. In the
quotient determination circuit of FIG. 8, 50 transistors
are used and two gate stages for the critical path are

required. The circuit shown by FIG. 4 requires 20 tran-

sistors and three gate stages. For the circuit shown by
FIG. 7, 10 transistors and one gate stage for the critical
path are required.

It is well known that in the circuits described above,
the exclusive OR circuits or the NAND circuits, can be
replaced by exclusive NOR circuits or the NOR circuit
can be constructed of various combinations of inverter
circuits, respectively. The compound gate can be con-
structed of combinations of NAND and NOR circuits
and the transfer-gates can be constructed using com-
pound gates, as shown in FIG. 3. The reverse of these
constructions are also possible.

In the present embodiment, illustrations are made

‘using a divider circuit constructed by binary logic

- CMOS technology. However, the present invention
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- can also be realized by other semiconductor technolo-

gies such as NMOS, ECL, and TTL, and other higher
radix logic. Further, as will readily be understood by a
worker skilled in this art, the present invention can also
be used to form a multiplier.

In the present embodiment, the divider constructed

Iby CMOS technology provides a delay time for obtain-

ing each digit of the quotient equivalent to five gates.
The present redundant addition and subtraction cell
constructed of approximately 32 transistors, and the
quotient determination cell constructed of approxi-
mately 50 transistors represents a saving of approxi-
mately 90 transistors for one digit of the quotient and a
reduction of the total processing time (the number of
gate stage) by three stages. Therefore, the present in-
vention is effective for the substantial reduction of the
number of divider circuit elements, making VLSI de-
sign easier and processing time higher.

Accordmg to the present invention, (1) reduction of
the processing system for the least significant digit In
the shift subtract division can be carried out, and, (2) the
binary/redundant/binary conversion can be carried out
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simultaneously with the subtracting operation. There-
fore, in summary, the present invention is particularly
effective to:
(1) substantially reduce the number of circuit elements
~1n the arithmetic processing unit;
 (2) provide high speed processing of the internal arith-
‘metic operation (for example, addition and subtrac-
tion) since constant and high speed processing can be
carried out independent of the number of digits;
(3) simplify the circuit construction; and
(4) provide easier LSI implementation and cost reduc-
tion.

What has been described is the presently preferred
embodiment of the invention. It will be understood by
those skilled in this art that many modifications can be
made to the circuitry described herein without depart-
ing from the intent, spirit and scope of this invention,
which is set out in the claims.

What is claimed 1s:

1. An arithmetic processing unit comprising:

a) a plurality of arithmetic circuits, the i#? of which

receives a 1-bit signal x; which represents the it
~ digit of a binary minuend and the logical negation

10

15

20

Y;of 1-bit signal y; which represents the i’ digit of 2

a binary subtrahend as two inputs, and determines

therefrom and outputs a 2-bit signal z;! and z/,

which represents the i’ digit of the difference as a
- signed-digit binary number, where

2:‘] =xi+ ¥,
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z2=x1yi+x1yi and

b) a plurality of signed-digit binary adders, the i”* of

which receives said 2-bit signal z;! and z,2 as one of
two inputs, and outputs the i* digit of a second
signed-digit binary number, wherein said plurality
of arithmetic circuits perform both a subtraction

and a conversion from an ordinary binary number

to a signed-digit binary number.

2. An arithmetic processing unit comprising:
a) a plurality of arithmetic circuits, the i of which

receives a 1-bit signal x; which represents the i#
digit of a binary minuend and a 1-bit signal y; which
represents the i digit of a binary subtrahend as
two inputs, and determines therefrom and outputs a
2-bit signal z;! and z;2, which represents the i’ digit
of the difference as a signed-digit binary number,
where

zI1 =x.i‘++yf:

.
Z/o=XppPi+Xjy; and

b) a plurality of signed-digit binary adders, the i* of

which receives said 2-bit signal z;! and z;* as one of
the two inputs, and outputs the i digit of a second
signed-digit binary number, wherein said plurality
of arithmetic circuits perform both a subtraction
and a conversion from an ordinary binary number

to a signed-digit binary number.
x X X *x X
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